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1. INTRODUCTION

1.1 Project Overview. One of the goals of this project has been to
develop computer based simulation models of a type which might be used in
assessing the impact of alternative U.S. foreign policies toward specific
countries under alternative strategic environments. To achieve this
objective, the Project is developing computer simulations of several
Middle-East oil producing nations. In doing this, assumptions about
the relations between U.S. policies and policy actions and country and
region specific domestic indicators are being expressed in a mathematical
language. Results from ARPA supported basic research efforts are being
used to provide a basis for defining and testing the relations between
these indicators.

As a substantive target, U.S. relaticns with Saudi Arabia and Iran
are being examined. Each country simulation is divided roughly into
four modules - an agriculture module, an oil production module, a human
resources and national accounts module and a novernment or "decision"
module (this structure is shown in Figure 1.1). In order that these
simulations be of a type potentially usable by the policy planning
community and in order to take maximal advantage of the knowledge of
planners, the simulations are being developed (with the assistance
of CACI, Inc.) and evaluated in close interaction with policy pla: ners
in both the Defense and State Departments. ‘

A second Project objective, in some senses derivative from the first,
is to provide an overall assessment of the utility of analytic and
computer simulation models in policy planning. While some work along
this line has been completed during the last six months (see PTP Working
Papers 34, 35,39), the majority of the technical work is scheduled for
the last eight months of this contract.
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1.2 Summary of Accomplishments During Past Six Months

- e Continued work on identifying and programming Jecision Module
for Saudi Arabia.

Completed extensive substantive review of the o2il, agriculture
and human resources modules in conjunction wit: both policy
planners and academic specialists. See PTP hcrking Paper 38.

o
[

¢ Begun delineation of the roles of analytic anc simulation models
;s policy planning. See PTP Working Papers 33, 34, 35, and

o Continued validation efforts.

o Implemented several of the changes in the similation modules
suggested by the substantive review.

As in previous Semi-Annual Reports, Sections 2 and 3 will summarize
technical accomplishments during the past six months. Zetailed statements
are found in Technical Reports 33-39 (attached). Thes: reports are
[ referenced in the next sections.
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2. THE SIMULATION MODULES: STATUS REPORTS

2.1 Introduction. From the perspective of the s wlation, the
Saudi qovernment is viewed as an information processor wiich has specifiable
goals with respect to its environment. The Saudi gove-ament then uses
currently available information about present, past, 21 forecasted future
states of the environment to generate policy actions ".::igned" to increase
the level of goal achievement. For the purposes of thc simulation, the
Saudi government's environment has been divided into t. - areas - domestic
and international. The domestic area has been subdivi. >4 into three
sectors or "modules" - oil production, agriculture, anc human resources.
These modules are used within the simulation to genera‘: current informa-
tion for the government (decision module) and to produ 2 consequences for
actions taken b, the decision module. At the present, the simulation
user will be responsible for providing the dynamics (a ternative "scenarios")
of the internationai environment. The Sauli simulaticr will be prepared
to accept a wide range of "international" inputs and tu generate a wide
range of foreign policy outputs. Figure 2.1 provides a schematic overview
of the flow of information in the simulation.

Perhaps the structure of the simulation can best te clarified by a
description of an anticipated simulation run. First, tue Saudi decision
module would receive a set of sentences (information) describing the
current state of their external environment. Some of ‘nese sentences
would be generated by the international environment (i.2., the user)
and some of these sentences would be generated by the tnree sector
simulations. The sentences will then be given an intevpretation,
resulting in a description (on the part of the decision module) of
the current state of the environment (this is being termed state
knowledge). Next, the decision module would begin to work on the
state knowledge and relevant environmental sentences. The Saudi dacision
module will produce three types of outputs: (1) relevant changes in the
state knowledge; (2) authoritative actions on the part of the government;
and (3) internal comnunications. Examples would incluce budget recommen-
dations such as "increase the budget for fertilizer a loi." These
internal communications (or bureaucratic recommendations will then have
to be adjudicated, resulting ii' final authoritative outputs. These
outputs would then be channeled to either the international or domestic
environments and the next cycle (year, month, etc.) of the simulation
would be ready to begin.

Sections 2.2-2.5 will provide a brief, but more detailed, description
of the current status of each of the modules. Even more elaborate
descriptions are available in the various Technical Reports which nave
been submitted as appendices to the Semi Annual Reports. These will be
referenced as appropriate.
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2.2 The Decision Module

Even causal observers of politics are frequently struc’ with the
changing and often apparently adaptive nature of national poiicy behaviors.
International alliances seem to shift in apparent respense to changing
“realities" such as a perceived scarcity of oil. Yet, as with most all
adaptive mechanisms, the range of adaptation has 1imits. Some policies
(U.S. policy towards China would serve as an example) change very slowly
and the reason for the slow change seem related more to the international
structure of the mechanism irself (e.g., bureaucratic and individual
Tevel "politics") than to the external environment the government is
attempting to handle.

These observations suggest several principles. First, and of
considerable inportance, governments must be modeled a< control structures
operating in specific external environments. That is, governments attempt
to manipulate specific external environments. No clain is made that
governments are optimal control mechanisms. Further surport for this
claim can be found in Rosenau, 1970; Rosenau, 1974; ard Thor<on, 1974a.
A well-known example of an attempt to model internatiorzl behaviors

without viewing governments as control structures is fcund in Forrester,
1971.

Second, the internal structure of the government rust be explicitly
modeled. In systems terms, the output of the aovernmertal control structure
will be a function (in the mathematical sense) of the inputs and the
current state of the government. There is considerable evidence to
suggest that assessing the state of the governmental structure requires
at least the modeling of bureaucratic structures within the government.
Empirical support for this claim is found in Allison, 1971; Halperin
and Kanter, 1973; and Halperin, 1974. Much of the arms race modeling
effort (e.g., Brito, 1972) violates this principle and considers the government
as a "unitary rational actor."

Third, internally governments are organized hierarchically. In
other words, there is a large deoree of specialization within a government.
Different kinds of information and decisions are processed at different
levels of the hierarchy. Support for this assertion is found in Phillips,
1974; Anderson, 1974; Mesarovic and Pestel, 1974; and Nurmi, 1974.

Again, most arms race models and the Forrester WORLD? model violate this
principle.

Fourth, governments pursue multiple (and sometimes conflicting) goals.
This principle is related to the previous principle, and support for it can
be found in the same sources. While this claim seems most reasonable,
there are some technical reasons (Miller and Thorson, 1975b) why this

Principle may need to be modified. Nonetheless, it has guided the modeling
effort thus far.

Fifth, governments exhibit redundancy of potential control. According

to Arbib (1972, p. 17) the principle of redurdancy of potential control
"states, esseniially, that command should pass to the region with the most
important information." As an illustration Arbib (who attributes the

Sl R e e o
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example to Warren McCulloch) cites "a World War I naval fleet where the
behavior of the whole fleet is controlled (at least temporarily) by the
signals from whichever sihip first sights the enemy, *he point being
that this ship need not be the flagship, in which command normally
resides (p. 17)." The critical point here ic that potenrtial control
need not reside in only one portion of a government. In::cd the way in
which various governments resolve the redundancy is critical to under-
standing and explaining its behavior. Current attempts by the U.S.
military to upgrade its command, control, and communications "systems"
reflects an implicit recognition of the redundancy notion within one
bureaucracy. Moreover, important decisions (e.g., whethar to sell a
sophisticated weapons system to some country) generally involve more

" than one bureaucracy at more than one level of the hierarchy. We

could find no existing models which have the redundancy property.

Sixth, governments are event-based (that is, governments respond to
events in the external environment). These events may have associated
with them particular probability distributions. Thus 1ong-range forecasting
(though not policy planning) may be very difficult. Moreover the notion
of time employed in the model should be "event time," that is, the "time
flow" against which the system states are plotted should be event based.
This suggests, for example, that differential equation rodels are either
inapprupriate or require considerable reinterpretation. The arms race
models and the Forrester model are inconsistent with this principle.
Crecine, 1969, provides evidence for the event-based nature of governmental
structures. See Miller and Thorson, 1975b, for a more detailed discussion
of this and the next point.

Seventh, models of governments rust allow for disturbances. The
environment in which governments operate in noisy, and random disturbances
may be important in "defining" the events to which governments respond.

The presence of disturbances is especially important to recognize if extremal
experiments are to be designed.

The seven principles outlined above serve as framework conditions
within which the decision module designed below is being developed.
More specifically, two points must be addressed: (1) what are the
structuial characteristics of a government?; and (2) hecw is the
structure to be implemented as a computer simulation? The first point
deals with the nature of that which is simulated. The second, with its
realization as a computer program.

The basic characterization used to structure the nzture of governments
is expressed in one of the organizing principles discussed above: qovern-
ments are goal seeking systems. But simply to state that governments
are goal seeking systems does not provide sufficient structure to allow
machine implementation. Additional structure is required. The additional
structure imposed upon the characterizations of governments is illustrated
in Figure 1. The basic elements of this structure are: (1) the government
(or inner environment); (2) the outer environment (the process to be
controlled); (3) the observation interface; (4) the access interface;

and (S) the model of the outer environment. (Cf. Simon, 1969; Thorson, 1974).
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government, with the use of the image . f the causal opcration of the outer
environment, generates outputs (access interface actions) that are intended
to increase the level of goal achievement.

In the Saudi Arabian simulation the inner environmznt, access interface,
and observation interface are all parts of the Saudi buieaucracy. The
environmant can be usefully partitioned into two classes, the domestic and
internationai environments. In the simulation, the domastic environment
has been additionally decomposed into three sectors: o0il, agriculture,
and human resources. Each of these three components ar2 simulations in
their own rights. The o0il module models 0il production znd petroleum
revenue, the agriculture modules models the production of wheat, and human
resources models the flow of people in Saudi Arabia fro:: the perspective
of education and employment. Thus, on one level, the d.cision module
attempts to control these three domestic environments <. as to achieve a
set of goals. In addition, the government of Saudi Arédia has goals
for the international environment. The entities in th2 international
environment consists of other nations, e.g., Iran, Egypt, Israel, the
United States, the PLO, and the UN, as well as non-governmental actors,
e.g9., ARAMCO. In this report, the only portion of the simulation to be
discussed in any depth will be the agriculture module (“he environment)
and the portion of the decision module with primary responsibility for
controlling it (the Saudi Ministry of Agriculture).

Even with a characterization of that which is to be simulated, and the
organizing principles constraining admissible solutions, there is still the
question of implementation. Since the construction of the simulation is an
effort at elucidating the internal mechanism by which governments generate
behaviors, the manner in which the model is represented as a computer program
is consequential. The the area of computer simulations of human problem
solving, similar concerns have been expressed. Allen Lewell (1973a)
developed the notion of control structure as a means for addressing this
point. The control structure of a model is roughly the system architecture.
The control structure specifies how the basic processes of the model are
organized into a coherent whole. The control structure is in part
determined by the programming language used.

A language such as FORTRAN (or any other, for that matter) may

be seen as a device to evoke a sequence of primitive operations,
the exact sequence being conditional upon the data. The primitive
operations in FORTRAN are the arithmetic operations, the given
functions . . ., the assignment of a value to a variable, the
input and output operations, etc. Each of these has a name in the
language (+, -, SIN, LOG, etc.). However, just having the names is
not enough. Specifying the conditional sequence is also required
and what does that is called the contirol structura. In FORTRAN

it includes the syntax of algebraic expressions, . . . the order
of statements . . . the syntax of the iteration statement, .

the format of the conditional and unconditional branch.

(Newel1, 1973b, 297)




For some purposes, it is acceptable to let the programning language
determine in large part the control structure. Other times constraints
such as minimum execution time, or minimum storage reqt.irements will help
determine how the control structure is realized. But i€ one wishes to make
a theoretical statement using the structure of the procram itself, those
solutions are not acceptable, since such selutions contain implicit but
inadmissible theoretical claims. The programming techr ique (and control
structure) that is used for the decision module is callzd a production
system. Since the intent is only to theorize about gov.rnments, PL/1 has
been used for programming the oil, agriculture, and humzn resources
simulation module. Newell develoned this programming structure for the
simulation of cognitive processes While the operatior: of production
systems will be discussed in more detail below, several comments are in
order. The first is that all operators, other than the basic flow of
control in production systems must be explicitly defincd. Second, programs
structured as production systems do not result in the winimization of
program co-ding time, execution time, or storage requircients.  There

exist "easier" methods for coding a program to produce similar outputs.

But these other ways to program the decision module hav: the potential for
introducing methods and processes that do not reasonably reflect the
structure or capability of the processing mechanism of aovernments. Given
the basic flow of control inherent in production systems, it was necessary to
define only one additional operator, the ** operator discussed below.

This method for structuring the decision module has the advantage that

the claims about the information processing capability of governments

are explicit. Any assumptions about the capability of jovernments to
process information had to be explicitly defined. Thus the chance of
making unintentional capability claims as a result of tne way in which

the decision module was programmed have been minimized.

Processing models written as production systems are formed by a
collection of independent rules, called productions. Tne rules (or
productions) are stated in the form of a condition and :in action: C-—>A.

The condition refers to the symbol in the short-term image (STI) of the
system. The STI represents th: system's transient imace of the current
state of the OE. The actions of the productions consists of transformations
on the STI "including the generation, interpretation, and satisfaction of
goals, modification of existing elements, and addition of new ones." (Klahr,
1973: 528) A production system obeys simple operating rules:

i. The productions are ronsidered in sequence, starting with the
first.

{i. FEach condition is compared with the current state of knowledge in
the system, as represented by the symbols in STI. If all of the
elements in a condition can be matched with elements (in any order)
in STI, then the condition is satisfied.

iii. If a condition is not satisfied, the next production rule, the ordered
1ist of production rules, is considered.

iv. If a condition is satisfied, the actions to the right of the arrow
?re takgn. Then the production system is reentered from the top

Step i1).
v. When a condition is satisfied, all those STI elements that were
matched are moved to the front of STI.

p—— n E—_— B T LI T—



m-l- - P L e ————_—— Py p— . | ——
1 r -10-
4“ ;

vi. Actions can change the state of goals, replace elements, apply
operators, or add elements to STI.

vii. The STI is a stack in which a new element appcrs at the top

_ pushing all else in the stack down one positicn. Since STI is

[ limited in size, elements may be lost. (from !lahr, 1973: 528-29)

Prior to a discussion of the production system for *he Saudi Ministry
of Agriculture in detail, the basic operation of the mrdule will be discussed.
After the operation of the system has been discussed ir. a verbal fashion, a
portion of the production system will be discussed in ¢=tail as a production
system.

As discussed above, a number of organizing princirles have been employed
as constraints on admissible solution to the construct on of a simulated
government. Not all of those principles are directly :tlected in that aspect
of the decision module which roughly corresponds to the Saudi Arabian
Ministry of Agriculture p-2sented here for several re#sr3s. In particular,
the principles of hierarchical organization, redundanc’ of potential control,
and multi-goal seeking are not represented because the imulation module
as represented here is only a portion of the total str. ture. In addition,
since the decision module is a developmental version, i 2 decision making
properties of the module are at a relatively primitive _tate. In spite
of these shortcomings, the module, as presented above, °des serve as a
useful illustration of the basic technique and its potr .tial.

In essence, the decision module can be conceptualized as attempting
to improve performance as indexed by a function with ti. . arguments yield =
f(fertilizer constraint on yield, mechanization constri.int on yield).
Within the agriculture module, the yield at any given ' “int in time is a
function of the level of fertilizer application and mc .anization usage.
The fertilizer constraint on yield can be expressed ac “ollows: given the
current level of fertilization, assuming all other fac °'rs are optimal,
what is the maximum possible yield? The mechanization -onstraint has a
similar expression. Since the actual yield will be cc~ .trained by the
smallest constraint, if yield is to be increased, the -asser of the two
constraints must be increased. The policy variables o-:n to the government,
under this interpretation, are the amount budgeted for uaovernmental
fertilizer purchase, and the amount budgeted for goverr..zntal provision
of tractors.

Assuming that the Saudi's budget is increasing, t::e motivation for the
resultant governmental outputs is as follows: Assume ‘nere is more money to
spend, the constraint is (say) fertilizer, and the desire is to raise yield.
More money should be spend on fertilizer and the same ~mount of mechanization.
Mechanization could be decreased since some money spen. on mechanization is
wasted, but since it is not known exactly how the mech.nization constraint
behaves with respect to budget levels and since money i3 "cheap" and
decreased yields are "costly" it is more prudent to ta''e the chance of
"wasting" some money by spending more on fertilizer to improve the chance
of increasing yield.

From a more operational perspective, it is requirad that goverrments
make observations of the environment and base outputs .pon those "perceptions”
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of the current state of the outer environment. As a result, inputs into
the decision module are statements describing the current mechanization
and fertilizer constraints on yield as being very high, high, moderate,
low, and very low. These descriptions of the constraints are determined
according to the scale in Figure 2.2. An inspection of Figure 2.2 shows
the scale not to be an equal interval scale. Judgments between high and
very high represent finer distinctions than does a judgment between high
and moderate. This scale and the use of an ordinal description of the outer
environment is based on two assumptions: the first is that the Saudi
government does not have the information processing cap:city to handle

(nor the measurement sophistication to use) finer distinctions. The second
is that the Saudi's are capable of making relatively finer distinctions at
the extremes of the scale. This claim about the capability of the Saudi's
to process information is supported by Al-Awaji's (1971: 147) description
of the planning system as "institutionally fragmented ¢ .4 substantially
ineffective," the lack of qualified manpower to staff {ne Saudi bureaucracy
(A1-Awaji, 1971: 218), and the fact that as of today, tnere still has not

been a thorough census of the Saudi population.

e N =

Based upon the absolute judgments of the constraints, the decision
module makes a comparison between the two constraints, “esulting in
relative statements such as: "The fertilizer constraint is much greater
than the mechanization constraint.” This comparison is also based on the ‘
scale in Figure 2.2 and reflects the fact that judgment: are more fine !
grained at the extremes of the scale. One constraint is higher than another
if a "boundary," i.e., the cutoff point between high ar4 medium is crossed.
For example, a very high constraint is judged greater tian a high constraint,
and a high constraint is judged greater than a medium constraint. If
two "boundaries" are crossed, the comparison is that of very high. Thus,
a very high constraint is very much greater than a medium constraint,
and a medium constraint is very much higher than a very low constraint.
1f more than two boundaries are crossed, the comparisor. is ‘'much greater i3

than.' ,l

These two rankings of the constraints serve as thc basic input to the
choice portion of the production system. The structure of the decision
module breaks the process of generating outputs into two portions. First
the budget to be manipulated is determined, e.g., budcct for fertilizer
purchase, and/or budget for tractor purchase. Secondly, the amount of
change in the budget's selected (increase a little, ir:rease, increase
a lot) is determined. The decision module uses the fivst relative judgment .
(greater than) to determine which budget to manipulate. If one constraint ]
is less than the other, tha lowest constraint is chosen. If both con- i
straints are "about the sawe," both budgets are increased. 1f the budget
to be increased has a high or very high constraint, the budget 1is ﬁ
increased "a little." [If the constraint is medium, the budget {(or budgets)
is simply "increased." If the level of the constraint is low or very low,

the budget is increased "a Tet.*

In the current implementation of the decision mocule increase a little
means to increase the budget by 20 percent, increase i2ans increase the
budget by 50 percent, and increase a lot means to increase the budget by
150 percent. Since the actual budget changes will in the final analysis
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be determined by the Couhcil of Ministers, the current procedure represents
only a temporary method for allowing a portion of the decision module

to operate for testing purposes. The rates of increase should not be taken
too seriously. In addition, the portion of the module discussed above
assumes no budget decrease takes place.

In 1ight of the above discussion of the rules upon which a production
system operates, and the non-technical (from a programming point of view)
discussion of the operation of the module, the portion of the agriculture :
module in Figure 2.3 should be fairly straightforward. The system in !
Figure 2.3 is that portion of the production system that takes the judgments 3
of the size of the constraints and determines which budgets to increase
and by how much they should be increased.

As mentioned above, there is only one uperator that was implemented,
the ** operator. The ** operator takes the first elzment in the short
term image (STI) and replaces it with the double stars. Thus, if the
** expression were: OLD(**) and the first element in the STI were $$5$§,
then after the execution of the **, the front of STI would be: OLD{$5$SS).
This operator was necessary to insure that the system would not go into
an endless loop. If a production were satisfied by the elements of STI,
after the operation of the ** operator, the production would not be
execut~d again, until the masked condition were reentered into STI.

As an example, consider the operation when the STI contains the
symbols YMECH MEDIUM, YFERT GREATER THAN YMECH. The system starts with
production 1. Since the conditions of production 1 are not in STI, the
system checks production 2. This process continues until production 12
is executed. The elements in STI match the conditions of the production,
and the action portion of the production is executed. This results
in (7) the elements in STI that matched the production conditions being
placed in front of STI; (2) the ** operator is applied to the first
element in STI, YFERT GREATER THAN YMECH. The result is that OLD(YFERT
GREATER THAN YMECH) is now the first element in STI; (3) the symbol
string INCREASE BMECH A LOT is placed in the front of STI, moving all
other symbol strings down one position; (4) control is passed to the
first production. The system loops through the productions until none
of the productions is satisfied. At that point control passes to t'n»
portion of the module responsible for taking these qualitative changes
in the budgets and producing actual budget figures.

P

The agriculture decision module presented here serves only as a
preliminary version upon which more sophisticated and r=asonabie moduies
can be based. Besides the obvious necessity of addressing the question of
validity of the simulations (discussed below), the next path for future
development are in two main areas. The first is the development of the
processing sophistication of the decision module; for example the
necessity to model learning within the bureaucracy. But in its present
form, no learning takes place in the decision module. In addition, the ;
implicit model of the environment the module is attempting to control is
made up of monotonically increasing functions. For example, the decision
module implicitly assumes that the yield function always increases with
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increased levels of the relevant varfables. Thus, from the perspective
of the decision module, if 2 kilograms of fertilizer per hectare are good
200000 kilograms of fertilizer will result in even better yields. The
second class of sophistication that is planned for the decision module is
that of language processing. The quality of language procassing becomes
; { especially important when dealing with the international aspects of the
outer environment. Diplomacy is in many respects a linguistic exercise.
The capability for language processing entails that outputs from the
! simulation be sentences in a language. For the simulation to have this
capability, sevaral things are necessary. First, the language and its
associated grammar must be specified. Secondly, the routines must be
[ written which will take sentences de<~ribing either states of the environ-
ment or actions of other actors as input and produce perceptions of the
current level of goal achievement to serve as inputs into the decision
making portion of the system.
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2.3  0i1 Production Module. The oil production module has not been
modified in the past six months. Several areas where the oil module
requires change (see section 1.6) have been identified and these will be
implemented during the next six month period. In addition, programming
modifications will be made to integrate this module with the others.

At the present time the oil production module is available on a stand-
alone basis. It consists of three "stages," each of which represents a
specified time period.

The first "stage" is used for the years 1963-1972, and although it
makes no atterpt to model explicit country-company relationships, it provides
values for Saudi Arabia's income from cil revenues for those years. It
determines the monthly revenue for any given month of that period by
taking one-twelfth of Saudi Arabia's revenue for the appropriate year.

The annual revenue figures are taken directly from Table 95 of the OPEC
Statistical Pulletin for 1972. The primary purpose of the first stage is to

provide revenue data which permit testing other simulation modules over
the 1963-1972 tire period.

The second stage models country-company relationships for the year 1973.
Revenues resulting from the sales of independent and sellback crude are
kept distinct from tax and royalty revenues, and the Saudi government's
growing control over production capacity, production level, and prices is
included in the stage.

The third stage simulates the period beginning January 1974. In this
stage, the producing country government sets production levels and prices
unilaterally, disrecards entirely the Teheran, Geneva I and Geneva 1I
agreements, and determines its own share of participation. It is
anticipated that this third stage is flexible enough to permi* simulation
of various alternate futures through simple changes in its parameters. |
This third stage represents changes made to reflect recent events.

Research Report MHumber 23 provides an interim user's manual for the
0i1 Module in its present stand-along form, and includes examples of needed
user input and suggestions for simulation of recent events. Figures 2.4
and 2.5 illustrate the structure of this module. !
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FIGURE 2.4

I Simple F]owchart of 0i1 Production Module
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FIGURE 2.4 (cont.)
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FIGURE 2.4a

Legend for symbols used in Figure 2.5:
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FIGURE 2.5

Conceptual I'lowchart of todule
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2.4 Agriculture Module, While 0il is a dominant factor in the economy

of Saudi Arabia, the future economic development of Saudi Arabia depends
heavily upon the modernization and development of the agricultural

sector. The agriculture module (within the simulation) has been con-
structed in a manner designed to enable the (1) identification and

tracing of the various information and material flows in the agricultural
production process that influence Saudi decision makers' choices of
development policies and programs, and (2) projections cf the consequences
of various policy choices for agricultural output.

TN e

Within the simulation, the couplex array of variables and relations
comprising the agricultural sector is conceptually grouped into several
sequentially-linked components to simulate various faceis of the production
process. Four such components are included in the present version of the
module: resource allocation, modernization, productior, and consumption/
demand. The output from each component serves as eithar an input to another

, component, an output, or both. The final outputs of the module thus include
- both physical outputs and performance measures. It is this set of measures
which is evaluated by thc decision module when choosing policies and
programs for the next time period.

The present module is structured to simulate the production of field
crops {specifically wheat, the principal crop and food staple). Parameter
and initial values have been identified for Saudi Arabia. A summary
critique of this module is contained in Section 2.6. Technical Report
No. 32 contains a detailed description of this module.

— £ e meme g Lo o S o . " - -
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2.5  Human Resources. An important constraint on many possible Saudi
policy acticns is the availability of personnel with t"e proper mix of
skills. This is especially important considering the :audi reluctance
to use large amounts of foreign manpower. The human re ..ources module is
designed to model the development of manpower "pools" i~ Saudi Arabia.
Within the simulation, the population of Saudi Arabia ¢:. any one time

js divided into a set of mutually exclusive and exhaus: ive categories.
These categories are:

unstructured pool (persons about whom there i< no available
information)

persons in elementary school

persons in intermediate school

persons in secondary school

persons in teacher training school

persons in technical and adult school

persons in universities (both Saudi and non-< .udi)

petroleum wage earners

non-petroleum wage earners (wage earners in ir lustries and manufacturing
other than petroleum)

civilian governmental employees

military governmental emplovees

non-industrial wage earners (this includes agricultural wage vorkers)
self-employed non-agricultural

self-employed agricultural

persons no longer active (retirees, deaths, e*c.)

These categories were chosen both with respect to availability of data and
because they are useful in addressing questions of agricultural, oil, and
jndustrial expansion and contraction.

Persons "flow" from one category to another over & time horizon
according to specified transitional constants. For example, a person
might move from the intermediate school category to the secondary
school category with a probability of .2. A transition matrix containing
all these transition probabilities together with a baseline vector of the
number of persons in each category is used to generate vector descriptions
of Saudi human resources. The transition matirix is, to some extent,
open to manipulation by the decision module. As an exzmple, suppose the
decision module builds additional schools. Several transition probabilities
would be altered. First more people could move from the unstructured
pool into elementary education. Also, more individuals might be
expected to move to a higher level of education. The precise nature of
these manipulations has not yet been determined.

This ‘module is described more fully in Technical Report No. 31.
This report also describes the procedures em-loyed in estimating the
transition matrix.
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7 2.6 Validation Efforts. The assumptions of the oil production, agriculture,
; 1 and human resources modules were subjected to a critical review during the
:

past six months. This review was done at CACI, Inc. (see Technical Report
No. 38) and was bascd upon the results of interviews with area experts,
ex-flag of ficers, and policy planners. In this evaluation, two types of
criteria were employed. First, there was concern that the module was
appropriate for its intended purpose. For example, since the modules
are to function as models of processes to be controlled by the decision
, module, they had to be capable of accepting control inputs which are
identifiable as government policies or acting. Second, the module should
be consistent with what is believed known about actual causal linkages.
:

Suggested modifications are summarized below:
A. 0il Module
1. Increase delay in production capacity increase from three months to
six months to two years depending on source of increase.

2. Introduce equations to describe increase in capital investment
necessary to replace depreciated production capital equipment.

3. Improve estimation of proved reserves by postulating a fixed gross
discovery rate.

B. Agriculture Module
h 1. The module can safely "largely" ignore the traditional agricultural
sector.

2. Allowance should be made for the "experimental" nature of Saudi
agricultural development.

3. Improve estimates of delay time for new irrigation projects.
4. Look at geographical distribution of farm equipment.

5. Demand for wheat shouid not assume constant income elasticity.

C. Human Resources
1. Distinguisn foreign from domestic labor.

2. Distinguish students enrolled in religious schools from those in
"modern conventional ones."

3. Modify some parameter and variable values.

These suggestions are presently being examined and a number of them will be
implemented during the next six months.
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_'r I' 3. DATA
‘ 3.1 Data Holdings. Data holdings have not chanc d substantially in

i the past six months. Some new data on Saudi human rescirces has been identified.




4. PERSONNEL

4.1 Principal Investicators. Professor Thorson ' -5 been primarily
involved witn the development of the decision module. ‘o made project
related presentations to the International Studies Ais--iation, the MSF
Conference on Control Theory in International Politics .id the Summer
Simulation Conference.

Dr. Phillips has continued to devote his time to vilidation efforts
(conducted in interaction with policy planners) and to some work on the
decision module.




5. BUDGET

1. Total amount of contract $302,642.00

Funding to date $239,169.00
Expenditures and committments to date $236,841.00

S W N

Estimated funds required to complete
contract (1-2) $ 63,473.00

5. Estimated date of completion June 30, 1976
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PUBLICATIONS AND WORKING PAPERS

6.1

1

10

12

13

Publications (No. 17 and 18 new additions this period)

Phillips, W. R. and T. Lorimor, "The Effect of Crisis Upon the
Stability of the International System," Multivariate Behavioral
Research, Vol. 9, October 1974.

Phillips, W. R. and R. C. frain, "Dynamic Foreign Policy Interactions:
Reciprocity and Uncertainty in Foreign Policy," The 5age International
Yearbook of Foreign Policy Studies, Vol. II, 1974.

Phillips, W. R., "Where Have A1l the Theories Gone?" Vorld Politics
January 1974.

Phillips, W. R., "Theoretical Approaches in the Events Data Movement,"
Iaternational Interaction, Vol. II (forthcoming).

Phillips, Y. R., "Forecasting for Planning," Knowledae and Diplomacy:
The Interaction of Research and Foreian Policy (forthcoming).

Thorson, S. J. and J. Stever, "Classes of Models for Selected Axiomatic
Theories of Choice." Journal of Mathematical Psychology, Vol. II, No. 1,
February 1974.

Thorson, S. J., "National Political Adaptation in a VWorld Environment,"
Comparing Foreicn Policies (Sage, 1974).

Thorson, S. J., "Adaptation and Foreign Policy Theory," The Sage
International Yearbook of Foreian Policy Studies, Vol. IT (Sage, 1973).

Wendell, R. and S. J. Thorson, "Some Generalizations of Social Decisions
Under Majority Rule," Econometrica, Vol. 42, No. 5 (September 1974).

Thorson, S. J., "Problems in Constructing Descriptive, Policy and
Design Theories in Foreign Policy Behavior," In Search of Global
Patterns (Free Press, forthcoming).

Phillips, W. R. and S. J. Thorson, "Simulation for Poiicy Planning,"
in the Fifth Annual Pittsburgh Conference Proceedings on Modeling
and Simulation (1974).

Thorson, S. J., "The Inter-Nation Simulation Project: A Methodological
Appraisal"” in Quantitative Internationai Politics: An Appraisal
(Praeger Publication, forthcoming).

.Thorson, S. J., "Modeling Control Structures for Complex Social

Systems," Interdisciplinary Aspects of General Systems Theory,
1975.

Phillips, W. R., "Some Comments on the State of General Systems

Theory," Interdisciplinary Aspects of General Systems Theory,
1975.
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Anderson, P. A., “Role of Complete Processi: : Models in Theories of
Inter-Nation Behavior," to appear in World ' ‘' dies.

Thorson, S. J., "Modeliing for Policy Planni 3," in G. Hilliker (Ed.)
Knowledge and Diplomacy: The Interaction of "esearch and Foreign
Policy (0.S.U. Press, forihcoming).

Miller, R. A., and S. J. Thorson, “Productior Systems as Models of
Control Structures for Governmental Decision-''aking" to appear in

J. Gillespie and D. Zinnes (Eds.) Control Theury and Internaticnal
Relations Research (Praeger Press, forthcoming).

Thorson, S. J., P. A. Anderson and E. Thorson, "Governments As
Information Processing Systems: A Computcr Simulation" to appear

in The Proceedings of the 1975 Summer Computer Simulation Conference
(forthcoming).
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7. PUBLICATIONS AND WORKING PAPERS

7.1 Morking Papers (No:s 33 thru 39 new additions this period)

No. 1. Phillips, W. R., "Theoretical Underpinnings of the Events Data Movement"
No. 2. Phillips, W. R., "Forecasting for Planning"
No. 3. Phillips, W. R., "Dynamic Foreign Policy Interactions"

No. 4. Phillips, W. R. and P. Callahan, "Dynamic Foreign Policy Interactions:
Some Implications for a Non-Dyadic Vorld"

No. 5. Phillips, W. R. and M. K. Hainline, "Major Power Conflict Exchanges in
the Sixties: A Triadic Analysis of the U. S., Soviet, and Chinese
Sub-System from a Comparative Foreign Policy View"

No. 6. Thorson, S. J. and R. E. Wendell, "Location Theory and the Social Sciences"

No. 7. Thorson, S. J. and J. Stever, " Classes of lModels for Selected Axiomatic
Theories of Choice"

No. 8. Thorson, S. J. and R. E. Wendell, "Some Generalizations of Social Decisions
Under Majority Rule"

No. 9. Thorson, S. J. and R. E. Wendell, " A Mathematical Study of Decisions in
a Dictatorship”

No. 10.  Thorson, S. J., "National Political Adaptation in a torld Environment"

No. 11.  Thorson, S. J., "Comments on Some Progblems in Constructi.g Descriptive,
Policy and Design Theories of Foreign Policy"

No. 12.  Phillips, W. R., P. T. Callahan and R. C. Crain, "Simulated Foreign
Policy Exchanges: The Rationale Underlying a Theory of Foreian Policy
Interaction”

No. 13. Anderson, P. A., "The Decision Module"

No. 14. Callahan, P. T., "An Analysis of the Goals of Five 0il1 Producing Nations"

No. 15. Crain, R. C., "0i1 Module"

No. 16. Hainline, M. K., "Agriculture Sector Module: A Preliminary Sketch"

No. 17. Hermann, C. F., W. R. Phillips, and S. J. Thorson, "Theories and Fore-
casting in International Relations: The Role of Validation Efforts"”

No. 18. Thorson, S. J., "Adaptation and Foreign Policy Theory"

No. 19. Gonzales, C. C., "Military Security Assistance to the Persian Gulf
States"

No. 20. Anderson, P. A., "A Discussion of Issues in Need of Resolution: Toward
a Specification of the Decision Module"
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Anderson, P. A. and P. L. Miller, "Wny War: A Mathematical Systems
Approach"

Buss, T. F., "Dimensionality and Spatial Modelling: A Critical
Assessment"

No. 23. Crain, R. C., "Interim User's Guide for the 0i1 Module"

No. 24.  Phillips, W. R. and S. J. Thorson, "Simulation for Policy Planning"
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Appraisal"

No. 26. Anderson, P. A., "Further Discussion of Issues in Meed of Resolution:
The Notion of a Sentence Hriter"

|

No. 27. Thorson, S. J., "Modeling Control Structures for Complex Social
Systems"

No. 28. Anderson, P. A., "The Role of Complete Processing Models in Theories
of Inter-Nation Behavior"

No. 28.  Phillips, W. R., "Some Comments on the State of General Systems Theory"
No. 30. Buss, T. F., "Toward a Theory of Dimensions for the Social Sciences"
No. 31. Miller, P. L., "Human Resources in Saudi Arabia"

No. 32. Hainline, M. K., and R. C. Crain, "Revised Agricultural Sector
Simulation Model for Saudi Arabia"

No. 33. Miller, R. A., and S. J. Thorson, "Optimization and Arms Races:
A Model-Theoretic Analysis"

No. 34. Miller, R. A., and S. J. Thorson, "Production Systems as Models of
Control Structures for Governmental Decision-Making"

No. 35. Sylvan, D., "Quasi-Experimental Effects of Military Assistance Upon
International Conflict and Cooperation"

No. 36. Tamashiro, H., "Goals and Goal-directed Behavior in International
Relations"
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ABSTRACT: | .

Basic concepts of formal theories and models are reviewed and used
for a model theoretic analysis of some of the applicat.ions of mathematical
methods in theorizing and model construction. .'I'he systems theoretic
concept of the constructive specification of a model is discussed and
optimization, particularly optimal control, approaches to model con-
struction are considered in this light. The results provide a framework
in which it is possible to distinguish the aralytic requirements of a
theor'y (used to obtain a constructive specification) from substantive
requirements. It is argued that a theory can have policy relevance
only if the statements of the theory are based on substantive grounds
and the model which represents the theory has some established ties with
a real system. Since specific results must be specific theory dependent,
an analysis of Brito's (1972) paper on dynamic arms races is performed.
This paper was sel.ected because it contains a general problem statement
ard claims policy relevance. It is shown that statements in the Brito
theory are included only to meet the requirements of the particular
optimal control formulation used. It is also shown that his theory
distinguishes between logically equivaler.xt constructive specifications,

accepting one and rejecting another.
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$§1 Introduction

As in other areas of social science, international politics theorists
are incmasingiy turning to mathematics for languages in which to express
their theories. While examples of specific problem areas which have seen
extensive uses of mathematics abound, perhaps the most technically sophis-
ticated are the various extensions to the Richardson analysis of arms races
Ce. g Rlchardson,.l%o Intriligaton, 196u; Brito, 1972; Zinnes and Gilles-
pie, 1973), reveral of which have analyzed arms races as optimal control
problem.

In this paper we adopt a model-thecretic (see §2) perspective to inves-
tigate the various roles rathermatiqs might play in problem formulation and
theory development and to relate these roles to the various purposes to
‘which the theories might be put. While the argument to be made is general,
the specific evidence is specific theory dependent. Therefore much of an
analysis will be done on Brito's (1972) paper on dynamic arms races. The
Bm'.to forrulation was chosen because it is both a very general statement
of the armms race problem from the optimal control perspective and is easily
accessible. The general conclusions of this analysis are, we believe, appli-

cable beyond the Brito paper. The next section develops the model-theoretic

perspective from which we will view the application of optimal control theory

to the study of arms races.

’
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Varieties of"Models and Theories y
There are a variety of terms which will be used in a technical
sense in developing the argument of this paper. Since these terms (e.g.,
theory, model, system, etc.) are employed in the internmational politics
literature in a variety of mutually inconsistent ways, it is necessary
that some space be devoted to developing rather precise definitions.

The first term to be defined is "theory." Most all uses of "theory"
suggest that theories are linguistic, that is they are expressed in some
language: In international politics, the language is generally a "natural"
one such as Norwegian or English. However, some are expressed in artificial
languages such as differential equations (Richardson equations) or DYNAMO
(Forrester's Vorld Model). In general, as will te argued below, the lan-
guage in which a theory is.expressed is consequential. languages are not
always interchangeable and propositions which are expressible in one may
may not be expressible in anothe.r'..

Secondly, the sentences in a theory of international politics
generally are assertions that same state of affairs obtains in some
world; that is, thét it is true in some world. For example, one version
of Rosenau's adaptation theory contains the sentence "Variations in the
structure of a nation are related to changes in the nation's external
environment." That the sentences in a theory are asserted to be true
world seem to be fairly unobjectionable (for an opposing position see
Friedman, 1953). of course, to assert a sentence to be true does not
make it ﬁue. Whether particular sentences dare accepted as true is
largely dependent upon epistemological, methodological, and socio-

logical concemns which are outside the scope of this essay. Truth

here is being employed in the sense of Tarski (19uy),
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Thus far a theory has been said to be a set of sentences each of

e .

which is asserted to be true. Since.the concern of this paper will be

prinarilsl with theories which have some deductive structure relating

the sentences, the definition can further be sharpened to read: "A

theory, in a technical sense, is a set of sentences where each sentence

is asserted to be true and where the set is closed under deduction."

That is, the theory set contains any sentence logicaliy implied by any

other sentence in the set. Thus, this concept requires scme preassigned

logical framework such as the predicate calculus. The definition given

above is a fairly standard one within the context of the deductive sciences.
In most of the international politics literature, no clear distinction

is drawn and maintained between models and theories. Indeed, the commcn

practice‘is to use "model" and "theory" as sﬁonm. Thus in some

contexts the Richardson equations are termed a "model" of the arms race

and in others a "theory" of 1':he arms race. While there is nothing wrong

with having synonyms for frequently used words such as "theory," there is

" a useful technical distinction which can be made between "model" and

"theory."

Corresponding to the technical sense of theory defined above, is a
technical notion of model where a model for a set of sentences (i.e. y &
theory) is a set theoretic structure which satisfies those sentences.
(This discussion of model is based upon Thorson and Stever, 1974.) More
specifically, a set-theoretic structure M is a set of elements (objects), ‘

A= {al, 62, . « +} together with a set of relations of order i, P]i_l, .

. oy P;2, and may be expressed

M= <A; Pil, sz, c e e P;n, RS
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- This idea of a set theoretical structure is irportant to the development
of the argument of this Paper and will be returned to below. The point
to note here, however, is that A is an abstract set (i.e., collection of
objects). No particular domain frem which the objects rmust be drawn has
been specified. The elements of A could be nuders (a nurerical domain),
weapons systems (a political demain), werds (a linguistic demain) ete.
Quite clearly if the goal is to develop a theory which is erpirically de-
scriptive of some aspect of politics, e.g., arms races, scme of the ele-
ments of A should reserble objects believed to be Present in the referent
reality being theorizéd about. The relaticns in M are subsets of i-fold
cartesian products cn elements in A. Given a set of theoretic strusture
which is felt to in scme (as yet undefined) sense represent the referent
reallty,.the theorist will want to write dewn sentences which are descrip-
tive of properties of M. These sentences form a thecry of M. As an infor-
mal example, the a:ng race work to be censicered below appears to be devel-
oping a theory of a set theoretic Structure where A ccnsists of two nations,
each>nation's stock of weapons, a consumpticn stock for each nation, and
money. The relations include reaction rules ard utility functions for
each nation. In order to develop a theory of such a structure, it is nec-
essary to have a language in which the properties of M can be expressed.

Such language L in which properties of M can be expressed will consist

of formulas generated by a specified set of rules, say the predicate calcu-
lus, from an alphabet consisting of relation symdols (R Rys o v s ); var-
1ab1e symbols (xl, Xps ¢ o w ), connectives (A, « ¢ . ), and quanti-
fiers, (3,V). Since functions and constants are special kinds of rela-

tions, function symbols (fl, £, - . « ) and constant sumbols (cl, Cor v v 0 )

will also be used in L. - The language L is generally assumed to be first or-

der, that is, its variables range over the elements of A (as opposed to
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ranging over the subsets of A, or set of subsets, etc.). Sentences in L

are formulas containing no free variables.

let T be a set of axioms in a language L. If @ is a mapping of con-
stant symbo.ls occurring in T into the set of objects A, and also a mapping
of relation symbols occurring in T into the set of relations in M, then M
provides an interpretation of T under 8. If this inte.rpretaticn results in
the sentences in T being true, then M is said to sati:;:fy T and M is a model
of the axiom set T. A model for a set of awicns then, is a set-theoretic
mathematical structure which tcgether with the rapping 8 interprets the
axioms in such a way that the axicms are true.

The distinction just made between objects and symbols denoting objects
(constants) and between relations ard relation syr>ols should be enphasized.
The reason for this distincjcion is that each'rrapping; cnto the objects and
relations in a structure M provides an interpretation of the symbols in T.
This is important since (as will be shown) a given axiom set can have more
than one interesting interpretaticn, and only somz of them will be models of
the set. ) "

One of the most obvious problems with the above definition of mocdel
is what is meant by a sentence being "true." Rather than provide an extended
discussion of truth, the reader is referred to Tarski (1944). The notion of
truth being employed here is semantic and not "methodological." The impor-
tant question is not how we know whether a particular senterce is true but
rather what is meant to assert a sentence to be true. Roughly the idea of
truth being suggested here is similar to that of Aristotle: "To say of what
is that it is not, or of what is not that it is, is false, while to say of
what is that it is, or of what is not that it is not, is true." However, a

semantic definition of truth views "truth" as a relation between sentences

of a language and the objects and relations‘"referred” to by these sentences.




Thus, in the terms of. this paper, truth is structure dependent. That is,
sentences which are true of one set-theoretic structure will not in gener-
al be true of another.

This "model dependence" of truth is quite important to bear in mind
in evaluating mathematical theories of "non-mathematical" phenomena since
the Tarski definition of truth is the one generally employed by mathemati-
cians and logicians. One consequence of Tarski's defi;xition is that if
same set-theor~tic. structure together with an appropriate mapping serves
as a model for an axiom set, then 1) by definition, the axioms are true of
the model and é) all deductive consequences of the axioms i.e., the theory
sentences are true of the model. However, being true of one model coes
not imply anything about being true of other structures (unless these other
structures can be shown to stand in some special relation (e.g., iscmorphisit)
to the model. Thus, for example, great care must be exercised in moving
from one structure, e.g., a well specified model, to another, e.g., "the
real world." While this point will be developed further below, it will be
helpful to first illustrate what is meant by model using several exarples.

In order to make this definition of model more clear, consider a very
simple Theory T' which contains only two axiom sentences.

Al: ( xl) (lexl)
B2: (%0 %0 %) [0x)ReyMx,Reg) xRy,

Consider further the following two mathematical structures:

Mk <A;P2> wherezA is a finite set of "alternativeé"

and P° is the binary relation "is preferred

Mitte; <L;F2> where L is the set of "living males" and
F

is the binary relation "is the father of."
If the symbol R is mapped onto P2, and the variables are assumed to range
" over A, then Al would read "for all alternatives in the set A, it is never
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' that M** is a model for T'. The definition of a model requires that all

the case that an alternative in A is preferred to itself." Axiom A2

would read: "For any triple of alternatives in the set A, if the first
alternative is preferred to the second, and the second is preferred to
the third, then the first alternative is preferred to the third." To
claim M* to be a model of T' is to assert the truth of these two sentences
(Al and A2). Further, Tarski (1944) shows that asserting a sentence to be
true is equivalent to saying it is satisfied by all its objects. Again, |
there exists no algorithn for determining whether a particular sentence is
in fact satisfied by all its objects. However, to assert that T' is modeled
by M* is to say that each sentence in T' is satisfied by all its objects.
let us now examine the relation between the structure M** and the
sentences in T'. Do we want to assert that M** is a model of T'? In this
case the function maps the relation symbol R onto the relation F2. Inter-

preting Al with M** results in the sentence:

"For all males in the set of all living males, it is never

the case that a male is the father of himself."

To assert that M** is a model for T' is to assert this to'be a true
sentence. And, indeed, the sentence is empirically true. However, we

must be careful no* to move hastily from this observation to asserting

the axioms be true when interpreted by a model. Consider A2. Under M**
we have the following sentence:

"For any three males in L; if male, is the father of

1
* malcz, and male 2 is the father of male3, then male_.L
is the father of ma1e3."
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Again, to assert M** is a model for T; is to assert the truth of this j?
gentence. Yet this sentence is erpirically untrue. Indcéd, an ordinary
language. translation of this sentence would result in the assertion that

a grandfather is the father of his grandson. The reascn "is preferred to"

seems a satisfactory interpretation of R and "is the father of" does not,

is that "is preferred to" is generally thought to be a transitive relation "
(as asserted by A2) and "is the father of" is not trar;sitive. Thus the
structure M** is not a model for T'.

Another transitive relation is "is greater than." If the letter "I" ’
denotes the set of integers, and ">" denotes "is greater than," then the ;
structure I,> is a model for T'. A third transitive relation "is greater |
than or equal to" may be denoted by ">." Censider whether the siricture

I,> is.a mdel of T'. Clearly axicm A2 is true with this interpretation;

]
however, Al reads as follouws:

“For any integer, it is never the case that the integer

is greater than or equal to itself."

Most of us would assert this sentence to be false and not allcw
I,> as a model for T'. ;

Hopefully, these simplistic examples provide a general sense of how

the terms "model" and theory" are being used in this paper. Moreover, it

should be clear from the above discussion that it is possible to develop |

a theory of models. In Robinson's (1963) words: "Model theory deals with

the relations between the Properties of sentences or sets of sentences

specified in a formal language on one hand, and of the mathcratical struc-

tures which satisfy these sentences, on the othep hand [p.1]."

This notion of model is central to the theory building enterprise.
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In theorizing about any phenomena (be it arms races, ethics, or whatever)
a necessary first step is to isolate a set of "objects" (variables) with
which the theory will be concerned. Each of these objects in turn can
take on a numwber of values. Each of these values is sametimes termed an
appearance of the object. For example, suppose sane theory of arms races
partitioned overall weapons stock into three values or appearances -
j low, medium, high. Frem the model theoretic perspective, this means the

' A component of the rathematical structure <4; P§> will include weapcns stock

as an object which is itself a set consisting of three elements where eac

: element correspends to one of the appearances of the object.
i Since the arms race work to be examined is based upen systems thecry

concepts it will be helpful to briefly illustrete the equivalence between

a set theoretic structure and an abstract systemn. In general, theories

will not be about phencrena with cnly one cbject (e.g., weapons stock) but

rather about worlds with "n" objects, Xl Xz, B a Xn. A general systen
can then be defined (Mesarovic, 1968; Windeknecht, 1971) as a relation in
the cartesian product of these objects:

ety Bl
The cartesian product of n sets is the set of all ordered n-triples

x X, x X3 oo ¥ Xn

Xys Xgs ¢ 0 o X where xlcxl, X,€ X2, R Xn. A relation on the
. cartesian product of n sets is simply a subset of all ordered n-tuples.
Thus any system is a mathematical structure and may serve as a model for
a theory. While this definition is quite abstract, it is possible to get
from it to the familiar black box with inputs X and outputs Y. This is
done by first defining an index set:

I'= (, 2, . . .n})

and then partitioning I into




I = ('il, i2, i\ . & im}
Iy = {1m+l’ 149y ¢ o s ln}
Since this is a partition,

IxUIy=I

Ix A Iy =g
Next define an input set X;

X= {xilieIx}
ard an output set Y

Y = {xilicly}
A system can now be defined as a relation on the cartesian product of
inputs and outputs, or:

S & XxY

While this may seem excessively abstract, such a view makes it very
difficult to fall into the trap of reifying systems. A system is something
the theorist imputes on the objects believed to make up the world. If ob-
jects are "badly" picked then statements true of the system will not in
general be true of the world. That a system can be imputed reflects the
constraints on tﬁe allowable conjunction§ of appearances the objects in
the theorists world are allowed to evince.

Thus, the set theoretic system structure considereé above is gener-
ally at best a. statement of existence made by the theorist. The claim is
made that some relation on the specified objects does in fact exist. Un-
fo.r'tunately, except for very simple systems one cannot actually specify the
system at this level of abstraction. That is, gencrally it is impossible
to write down or otherwise determine which elements of the cartesian product

are contained in the subset S and which are not. This should be expected

since even in mathematics very few of the objects and relations of interest
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are specified directly and one of the key problems of mathematics is that

of the search for bases or generators for various sets (Hammer,. 1971). For

example, it is not possible to list all of the elements in SeXxy, X=Y=

set

of positive real numbers, even when S is graphically represented by th

following figure.

i X

It is possible however to express S in terms of the equation of the lire,

i.e.,

S = {(%,y)eXxY|y=x}

The corresponding task for theorists constructing models of systems is
constructive specification (Mesarovic, 1968; Windekneckt, 1971). -'
The process of constructive specification is very familiar and is

predably the cause of much confusion in the modeling process.

consider:
, - A=1{1, 2, 3}

B

S

{2, 3, u)
{(1,2), (2,3), (3,4)}<c AxB

In this example S is actually a function
S: A+B
and clearly

(a,b)eSeb = a+l, acA

For example,

T R mgrm—

This observation




6 “allows an alternate description of the set S, that is:

i S' = {(a,b)eAxB|b=atl}
S' ard S' are clearly the same set. That is, S was defined by listing its
elements and S' was defined by giving a rule which determined its elements.
S''is a constructive specification of S which simply means that the elements
in S are determined by a specified formula. Rurther, it. is important to
note that the constructive specification is not unique. For example:

S'"' = {(a,c)eAxCla=c-3}
vhere C = {4, 5, 6}, iz a different censtruction but S'' is the sime set
as S. It should be clear that a large proportion of the sets considered
in mathematics are constructively specified.

In the theory proposed by Mesarovic (1968), the'constructive speci-
fication of a system is achieved through auxiliary functions (to be defined
below) ard requires the concept of a state representation of S. Any input
output system can be written as a relation

SeXxY
In general the system will in fact be a relation and not a function. That
is, there will generally be more than one output element in Y cér'respcnding
to a given, uniqﬁe input in X. A state representation of X provides suffi-
cient additional information about the system to remove this ambiguity and
provide for a un::Lque element in Y given the state and the input. Formally
this is achieved by representing the given system as the union of several
systems each of which is a function in the mathematical sense (unique inpu‘s
gives unique output). " That is, let

£ = (f|f: XY € £cS)

Then, S = Uf. It is then possible to define a mapping M,
. M: 12,

which associated a unique name with each function in ¥. 2 is the set of
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labels or names. Then, the system

S, ZxX-Y '
can be defined with the property that

(z, %, y) ¢ Szﬂ(z, y) e S
In Mesarovic's terms Z is the global state object of the system and S, is
the global state representation. Essentially, the state zeZ defines which
function in f is used to specify the output yeY for a given input xeX.

The state representation remcves ambiguity from the system in an ab-
stract sense but it does not necessarily provicde any real insight into the
system structure. However, a constructive specification sametimes can be
developed to provide such insight. Essentially, a constructive specifica-
tion is a new system Sc which is in some sense simpler than S and can be
used 1t specify the elements of S. It generally takes the form of same type
of algorithm. Roughly, the intent is to provide a mechanism by which given
the state (an element in 2) and the input (an elewent in X) the output can
be determined.

A constructive specifica?:ion typically would have the following struc-
ture. Mappings '

§ 2 X+Xc

¥ Yc-»Y ¥
are specified and a new system

‘ Sc: ZxX oY

is determined. To be of use, S, should be algorithnically determined,
i.e., given zeZ and X, eX, a well defined procedure should exist to deter-
mine the corresponding element ychc. A constructive specification of S
is obtained if: |

((x,y)chY|y=‘v(Sc(z, $(x))), zeZ)S$S

We are explicitly assuming the damain of S_ is the cartesian product ZxX.

Z
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As an example of the ‘procedure, consider:

A}

S XxYy . .
X

{xl’ X2}, Y = {yl’ Yo Y3}
S= {sl, Sys Sg» Su}
where

8 = (xl, yl)

(2
1

2 = (5 ¥p)
8y = (x2, y2)
8, = (x2, y2)
A state representation is achieved if we define 7 = {1, 2} and et

Sz = {Q1, X} yl), Q, Xgs y2), (2, Xy y2), (2, Xy y2)}
A construction specification of this system is now described. Let
Xc = {1, 2}, Y. =13, 6,8, 2=, 2)
and let

~

S, = {(z, X yc)IYc=z+2xc zeZ, %X )

Then, with

©
"

{(Xl, l)’ (x2,2)}
{3, yl), (s, y2), (9, y3)}

<
n

it follows that

S' = {(x,y)]|y = ‘l’(z+2¢>(x); xeX, zeZ)}
and 8 =8, '

Notice that given a state and input, say zc1, X=X, We can "compute"

yo mt iS, * U
X, = o(xl) =1 |
yc=z+2xc=l+2><l=3
'l'(yc) = ¥(3) = ¥y

The conclusion is that (xl, yl) € S' ard hence in S.
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It should be explicitly pointed out that the use of numbers and
arithmetic in the exar;rple is not particularly significant. The importance
is that a well defined, well understood set of operations was used to
determine the elements which appear in S.

It should also be obvious that there is not much utility in the
construction for small finite problems. There is no particular advantage
in using the constructive specification of S instead of S itself for such
a system. However, in general the system S cannot explicitly be written
down and constructive specification provides a way of increasing under-
standing of the structure of the systenm.

The concepts of auxiliary functions (¢, Y, Sc) and constructive
specification are very common in engineering oriented system theories.

In fact as Windekneckt points out [¥Wind., 1971] they are so ccmmon that
the basic process and the assumptions are often overlooked. Difference
equations, differential equations, stochastic processes, mathematical
programning, etc., are all standard models methods used by system
engineers and systems theorists. A large portion of the syctems theory
work tends to be the search for more and more general ways of establishing
the properties of the systems of concern.

The results of such efforts are invaluable but certain cautions must
be taken. It should be clear that the result of a constructive specification
is a system '

S' = {(x,y)eXx¥|y=¥(z,6(x)),2cZ) '
It is not within the realm of the constructive specification procedure to
establish that S'€ S or even to establish same lesser form of equivalence
between the systems.

In many instances the s.ystem S is not carefully specif ied even to the i
degree of defining the objects, Without a definition of S the mappings 4

¢ and Y cannot be defined and by default are implicitly assumed to be
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result of the specification and nothing more.

Another point can also be made. The global state object defined ear-
lier as well as the global state representation were introduced as mathemati-
cal artifacts. Substantive analysis of the system is always required if they
arc to have any meaning or interpretation. The analyst or theorist is not .
a!t liberty to assume a specification procedure and consider his results truth
in anything but the system S'.

To better illustrate the point consider an engineering problem of ce-
scribing the time behavior of the displacement from equilibrium of the mass
in the simple mechanical system in the diagrem below for various applied
forces. It is very reasonable to assume that the diagrem accurately reflects

the actual interconnections of components in the system.

*,  Spring ' Lj.l:.] Shock absorber

Mass

P
I Force

’

With forces as a. function of time and displacement fram equilibrium as a
function of time as basm objects an engineer would probably establish mathe-
mtzcal tlmc functions
. , ~ 8 T4R
X: T+R

to describe displacuncnt and force rcspccti\;cly. He would then procecd with

Reproduced from
best available copy.
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a differential equation '
2
pEx(t) O, e = fet)
dt dt

where m, ¢, k denote mass, damping ccnstant, and spring constant respect-
ively; x(t) and f(t) are real numbers representing displacement and force
at time t respectively, i.e. » teT, f(t)eR, x(t)eR. All nurders are inter-
preted with respect to established scales of measurement.

The engineer would then use the algerithm (differential equation) to
find mathematical functions in X which satisfy the equaticn for a given
function in F representing force. The resulting soluticns are his model
of the system. The differential equaticn is his censtructive specification.

The point of the example is that the engineer has cogfidence that his
model accurately represents the behavior of the physical system over a spec-
ified range of conditions. This conficence arises from an understanding of
each component (spring, mass, shock absorber) and confiderce in the physical
principles used in establishing the behavior of the components when connected
in t.he system. Each part of the model can be justified and interpreted on
physical grounds.

If the engincer were asked to construict the same system model without
knowledge of the system itself but given several graphs of time histories
described as inpu'ts and outputs, he conceivably could obtain the same diffei-
ential equation using data analytic technique. However, even though the
resulting equation and system model is the same as that derived above, the
engineer does not have the same degree of understanding of the physical sys-
tem modeled. In the later case he does not have any interpretation for
additional variables brought into the model (%—:—ﬁ-, g—;s, m, k, ¢). He fur-
thermore cannot ensure that his medel will describe the "real" system be-

havior for any inputs other than those on which the model derivation was

based. ' 051+<




Under the conceptualization developed here, systems based theory
building involves theorizing about at least three and sometimes, four dis-
tinct set theoretic structures. The first, the "referent reality" is not
knowable directly and knowledge of it is mediated by percepticn and cog-
nition as well as measuring devices. Based upon this indirect knowledge,

a set 'of variables and relations is posited (the model, S) ard a theory of
this model (sentences which are true of it) is developed. If S is a good
representation of the referent reality, then the theory will be descriptive-
ly useful in making statements abcut the referent reality. However, often
S will be too complex to specify it constructively and to thereby develcp
useful theories of it. In such cases it is necessary to develop enother
structure, S', which is constructive and whish therefcre may permit the ce-
velopzren:c of interesting theory. In the best case, S' will be related to
S in the sense that there exists (in the sense of Zeigler, 1871) a behavior
preserving morphism from S to S'. That is, S' preserves the input-cutput
relations in S. A theory of S'. is useful in making predictions abcut the
behavior of S but will in general not be very helpful in assessing the ef-

fect of "reorganizations" of S. Thus, to the extent policy advice concerns
other than input changes, S' may not be helpful in giving policy advice
even if S is known to correspond well ta the "referent reality" and S' pre-

serves input-output relations in S.

Fﬁally, even S' may not be tractable for certain purposes. For exam-
ples, if all the inputs and outputs in S' have disturbance tetms associated
with them, it may be difficult to say certain s.;or‘ts of things about S'. In
such cases a fourth structure Sm may be constructed. Sm might be an opti-
mal control formulation which is reached by further simplifying S'. Again

statcements true of Sm will not generally te true of S. This is not to say i

that statements about Sm may not provide insight into S, but only that one

052~




19

should be very wary of using optimization models of the arms race as
", ..an effcctive framework within which critical policy issues can be ex-
plored (Brito, 1972:374)."

In order to illustrate this last point, it is necessary to consider
a particular theory of the arms race. Since the 1972 Brito lorrulaticn
is one of the most general of the optimization formulations we will again
return to it and examine the adequacy of both the theory and the model.
Our method will be to critique the model and the theory by demonstrating
the questionable and highly implausible statements which the model and
theory support. Such an attack is legitimate given the deductive nature
of the Brito theory. If this is a theory in the technical sense, then the
theory must contain all sentences ceducible from the assumptions. The
theorist is not free to pick and choose among the deducticns those which

he wishes to retain and those he wishes thrown out.
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i § 3 Construction Specification based on Optimization Methods
‘ As developed, the process has at least three basic parts,
N 1) amxel SeXxy
2) a4specification
. H X+Xc
v: Yc-»Y
Sc: Zxxc-»Yc

3)  the constructively specified model

S'={(x,y)cXXY|y=v(Sc(z, $(x))), zeZ)

The basic system model S is presumably based on substantive analysis of thre
system and is a model of some theory consistent with empirical evidence. lo-
tice that even in the ideal case when S'¢ S,the model S' and the model S are
only behaviorally equi.valent in the sense that input peirs app2aring in S!'
appear in S. There is no requirement that ¢, ¢ or Sc have any particular
substantive interpretation. Particularly, one cannot conclude that the art-
ificially produced objects used in the specification actually illuminate the
structure of the system S. The best one can say is that S behaves as if it
performed the operations used by Sc; one cannot say S performs those opera-
tions. '

This is pc;xr'ticular true of models S' based on optimization procedures.
A model specifieq with optimization notions typically has the following struc-
ture. The system model is again

S¢E XxY

but the specification assumes the existence of a decision maker who selects

the inputs in a particular manner. That is, 2
Sc: ZxX~Y

and
P: Sc-vv )

are stated, where Sc is the system model and P the performince function

g <
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which evaluates possible appearances of the system S_. V is a value set
and is partially ordered by same relation, denoted here by <. WHe assume
SC=X, YC=Y for clarity only.

With this structure, it is assumed that the decision maker selects
the elements in X corresponding to each state zeZ so that
‘ P(z,x*,y*) < Plz,x,y) V xeX
. That is, the decision maker select.s inputs :-:* cerresponding to a given state
z vwhich then establishes the output y*. This appearance of Sc satisfies the

partial orcer relation on V and hence determines which appearances ecre accept-

able. The model S' is then

i e e st

% % % &
S'={(x,y )eXx¥|P(2,x ,y ) < Plz,%,y) z¢eZ})
Only solutions to the optimization problen are inclucded in the model S'.
1 ' Such optimization or maximum principle apprcaches to model generation

are used in langrangian mechanics in Physics for example. The reader is

referred to Samel'son (1971) for an excellent discussion of such methods.
Again however, the result is a behavioral model, i.e., S'CS and the opti-
mi'zation itself often does not have any substantive interpretation. It is
used only to simplify the specificaticn of the model S'. This can sometimes
lead to confusioﬁ if the models are to be.e used for policy analysis and de-
sign. This point will be discussed below.

A
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§ 4 Control Systems as Models for Policy Evaluation

The discussions to this point have dealt mainly with the problems of
developing descriptive theories and models, that is theories and models
which account for observations in the empirical world and identify inter-
relationships. It is reasonable to assume that policy analysis and synthe-
sis cannot proceed withcut valid cdescriptive models. In fact it is often
necessary to develop more detailed and structured models consistent with
d2scriptive thecries before policy design can be attempted.

The use of control systers and adaptive systems in structures has often
been suggested for policy oriented theory cevelczment (e.g., see the papers
in Rosenau, 1374).

It is important at this point to distinguish between control systems

and control problems. Centrol systems are systems with a particular struc-
ture. They are dynamic (paraemsterized by time), and have input objects

that can be partiticned into at least two classes, manipulable inputs and
disturbance inputs, i.e., X=Mx{l where M denotes manipulable inputs, W de-

" notes disturbance inputs. The system 1s therefore modeled by

A

S € MxUixY
ard each object is a time object (set of time functions). The system has
internal mechanisms for determining values for the manipulated variables !

at each point in time. The mechanism presumably enables the system to

achieve desiradble configurations and satisfactory overall performance.

A control problem cn the other hand is a problem statement that need

e

not have any relationship with a "real” system. Generally, a control prob-

lc» consists of a system model

: Sm:memewm-»Ym

and parformance specifications consisting of the following triple;

a performance function

P: S 4V .
i )56~
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z‘ a@ tolecrance function
3

and satisficing relation

Re VxV

The terminology is that of Mesarovic (1970). The control problem is con-
?' sidercd solved if there is an element in m, say mg, such that for all ele-
! ]
ments z:Zmé Zm and Wewmg wm
[ ) ’ (P (z,ms,w,y), T(w) ) e R
That is catisfactory performince is achieved for the disturbance et speci-

fied assuning the model Sae

In almost all cases Sm is a constructively specified model and W, M
and V are sets with a great deal of mathematical structure. The highly pop-
| ular optimal control probliems require that R be a partial order and T cefine
the minimun (or maximun) element in V for each element in W, Essentially
then the solution of a control problem is a constructive specification of a
model. Whether or not this model is useful for policy analysis depends on
the validity of Sp @d the interpretations of the performance measures.

Such utility is not guaranteed simply because the model derivation followed

from a control precblem formulation. That is, what is true of Sm need not
be true of S unless S and Spy Stand in some "known" relation to one another.
For the results to be useful the model Sm must in fact be a good repre-
sentation of the system S. This most certainly requires that the disturbance
set model‘wm adequately represent W and not be the result of mathematical
convenience. It also requires that predictions made with Sp be in same well
defined sense be empirically correct. This fact is clearly recognized by the
leaders in the development of optimal control theory, Athans (1971).
Brito (1972) uses an optimal control formulation in his derivation of

an amms race model. His overall system involves two nations each of which '

(57< 4




is modeled in terms of the above structure. Specifically, the following

structure is used.
Nation one is modeled by

Smlz WGCIXYl-vwl

Pl s clxwlxwz»rz

and nation two is modeled by
Sm2: W2xC2xY2->w2

l“2 p 02 xwlxwz»R

Ail of the objects are sets of non-negative real valued time functions and

time is modeled by the non-negative reals. Specifically, for each nation

5 . . ' TN - -H.\V. r.;‘
smi. (W, Cpp Y)W, (2) ¥, (£)-C; (£)-B,W, (), 0ct<e)
- E4 v & = t 'v ) "

for some real number r, and
- functions Ui and Di}

The utility function u; is not specified but is assumed to ! ave the follewing

properties:

U, [0, D;(W),W,)] = = W, W,
aC;

3y; [C;,D;(0,00] = K <= C,

g aDi
2
9°U. > 0 ci,wl,wz

Also, the functions Di.ane assumed 15 have the fullowing properties:

>
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In Brito's formulation C models the coﬁsumption level, W weapons
stock levels, Y net national product levels. The weapons stock of nation
i is the state and output of syste'n‘i. The manipulated variable in system
i is consumption level. The net national product of nation i is an external
input to system i and can be considered the input. The weapon level of na-
tion j is an externmal input and is a disturbance in syst.em i,

Each control problem leads to a constinctive specification for each
system. That is, a set of soluticns can he generated given utility func-
tions and inputs. Specifically, the specification of system 1 is of the

form
1

&

§ = {(Yl,cl,'.~:l)esml|
Pl(h'l,"lz,cl )_>_." l('r')l,l'Jz,
(Wl,Yl,Cl)cSml and '.'12 specified}

A similar construction holds for system two. Essentially, the specification
consists of solutions to the centrol problem under the assurption that infor-
mation about the disturbance (other nations weapons stocks) is given.

Brito is interested only i wezpons stocks so the overall constructive
specification of his system is

S' = {(v:l,wz)lcyl,cl,'.ql)gsi 3 (Y2,C2,'e!2)c8;}

It is clear from the above development that the functicns which finally
appear in the model S' are strongly dependent on the form of the individual
system models and the structure of the performance measures. .'The only justi-
fication given for the model is that it is in fact optimal with respect to
stated measures of performance and equations of motion. The class of func-
tions defined by S' is broad, but as we will show later it is not necessarily
representative of any "real" or even reasonable arms race system.

No control engineer would implement a control law (policy) without first

verifying that it does in fact produce satisfactory performance. Typically

) 059<




this is accomplished through testing on a prototype system or when this is

not possible through test on a more detailed and more complete model than

the model used to design the control law.
In particular, optimality does not imply that the control law is usable.
Optimality is always a property of the model but not necessarily of the con-
trolled system. This is why optiral control is useful for space flights
where disturbances are minimal and system dynamics well understocd but less
useful for prccess control applications where the system dynamics and dis-
turbances are less well understood. In fact, it is no exaggeration to say
that no discrete state ccntrol system was ever designed with the methods of

optimal control thecry.

e o mn e sk bl T
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§ 5 Implications

Brito (1972) claims that his mcdel of the armms race provides "an effec-
tive framework in which critical policy issues can be explored." He further
claims his model proves that "...although the Strategic Arms Limitation Talks
may succeed in reaching an agreement to maintain the status quo, neither side
wi711 agree to reduce arms levels." These are very strong claims based on a
mxdel, in fact on a constructive specification of a model, which is based on
very tenuous substantive assurptions.

It is more accurate to state that Brito cbserved no pairs ('.-Jl,wz)cS' 4
shere S' is the constructive specification of his theory, that decreased with
time. Clearly, this observation about S' does not inmply the same is true in
sane empirical system modeled by S. In fact no system S is established. It
is saie to say that nearly all, if rot all, of the statements in the thecry
are incl\;dcd for the constructive specification process and are not based on
observed characteristics of real arms races. TFor example, the conclusicn
about ron-decreasing weapons stocks is dependent directly upen assumpticns
about the utility functions involved and these assurptions are at best ad
hoe.

It is enlightening to look carefully at some of the requirements of the
Brito theory. For mathematical reasons only, "smooth" utility functions are
used and marginal utility with respect to weapons is parameterized in the
following way, . '

mete—— Ge—

3Wi aD:-l 3Wi

Various assumptions are made about the given partial derivaties ard this

has same interesting consequences.
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Assunc that nation one has the following utility function

U1(C1’D1(“’1’”2” = ln(Cl) + D'(Wl,wz)
with :
- Y
D= (wl-wz)
The utility function is therefore
i 2
i 1.V = -
1 Ul(Cl,Ul,Uz) ln(Cl) + (Ul W2)
Tnis utility function is not allowed by the Brito theory because
- .2

aDi = 1 >0

2

%-71

and the theory require that this partial derivative be non-positive.
Now, consider the utility function

_ 2,
Ui (Cl’ Dl(w o Wz)) = ln(Cl) +D (Ul, W2)

where D = wl - w2

Clearly,

4 2
Ul (Cl,Dl(Wl,Wz)) = In (Cl) + (wl-wz)
$
vhich is identically the same as Ul defined above. Ul is allowable under

the Brito theory. All derivative conditions on U are met and

1 = 1>0

i

-1 <0

|5
=
"
o
A
o

awl
2
._’P. z 0 2 0

3W2 awz

(- %]

Hence we have one utility function which is accepted by theory under one

specification but not another. One would expccf an economic theory to be

concerned about the utility function but one certainly would not expect
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the theory to distinguish between alternate writings of the same function.

The theory is clearly dependent on the specification and in fact is designed
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